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Introduction
During the past few years, ionic liquids (ILs) have emerged as an exceptionally interesting alternative to common solvents in a wide range of processes with industrial and biotechnological relevance, and research on this field has grown to be of recognized importance and applicability. In this context, the replacement of organic solvents by ILs in the separation and purification of biomolecules such as amino acids, proteins, carbohydrates, lactic acid, antibiotics and alkaloids [1] [2] [3] [4] [5] [6] [7] [8] , their use as reaction media in biocatalysis 9, 10 , biosynthesis 11 and in the kinetic resolution of racemates [12] [13] [14] , as well as their role in the stabilization and activity of enzymes [15] [16] [17] [18] [19] have become crucial and urgent subjects in chemical and biochemical research.
The implementation of IL-based media in biotechnology has enabled to overcome environmental, operational and efficiency problems associated with the conventional application of liquid-liquid extraction techniques 20 , and has shown great potential in other related central issues in the domains of biocatalysis [9] [10] [11] [12] [13] [14] [16] [17] [18] . Actually, due to their remarkable and advantageous properties, in conjunction with the possibility of adjusting their parameters through the adequate manipulation of their constituting ions 21, 22 , ILs provide unique environments for (bio)chemical processes to take place. For this reason, there are currently strong demands for exploring the potentialities of ILs in order to design task-specific solvents with chemical and physical versatility to substantially improve the success of bioseparations and enhance the stability and activity of enzymes and the yields of biocatalyzed reactions in environmentally-friendly media.
For the optimization and control of biotechnological processes through the design of adequate ILs, a detailed knowledge of the factors that influence the solvation of biocompounds in ILs and aqueous phases, as well as of their underlying molecular level mechanisms, is essential. In this respect, solubility data and other results for aqueous solutions of ILs and salts, sugars, fermentation metabolites, amino acids, enzymes and proteins have been precious sources of information and have enabled the establishment of correlations between the structure of the solvent and biomolecules, the behavior of these systems and the success of the processes [16] [17] [18] 20, [23] [24] [25] [26] . Recently, additional information from molecular simulation has become widespread and proved to be extremely useful [27] [28] [29] [30] [31] [32] . Despite all the efforts, however, the basic knowledge indispensible to achieve a comprehensive picture of the molecular level phenomena occurring in aqueous solutions of ILs and biomolecules is still lacking, and thus further investigation on this subject is required.
In previous studies, thermodynamic and spectroscopic data were used by us to develop a well-supported mechanism to interpret the solubility behavior of (IL+salts+water) 24, 25 and (IL+amino acids+water) mixtures 26 . In the present work, molecular dynamics (MD) simulation methods are used to study the interactions between ILs and amino acids in aqueous media and to evaluate their dependence on the structural characteristics and properties of the species involved.
With that aim, MD simulations were performed for aqueous solutions of an imidazolium-based IL (1-butyl-3-methylimidazolium bis(trifluoromethyl)sulfonyl imide, [C4mim][NTF 2 ], represented in Figure 1 ) with five different amino acids -glycine (Gly), alanine (Ala), valine (Val), isoleucine (ILe) and glutamic acid (Glu), all depicted in Figure 2 . The imidazolium ion has been the most appealing and most frequently considered cation in the IL field and is known for its non-denaturing nature, low toxicity and reduced water pollution risk, when comprising a short alkyl chain 33, 34 , and [NTF 2 ] has been selected by IUPAC as a benchmark anion.
[C4mim] [NTF 2 ] is commonly used as a model ionic liquid while amino acids can be regarded as model biomolecules. With the choice of these specific amino acids we intend to cover a wide range of different hydrophobicities and polarities, and span the solubility behaviors observed experimentally -from salting-in to salting-out effects on the IL aqueous solubility 26 . Moreover, because the available experimental data 26 for all the amino acids except Glu refers to pH=7, only the zwitterionic forms were selected for the simulations. Unlike the other biomolecules under study, glutamic acid possesses an acidic character 23, 35 , and therefore the simulations of Glu were performed considering its neutral zwitterionic form, in order to reproduce the conditions (pH = 3) at which the reference experimental results 26 were obtained.
MD simulation methods have proved to be a valuable tool for the study of the molecular interactions in biochemical systems, including aqueous solutions and aqueous saline solutions of amino acids, peptides, proteins, lipid bilayers and hydrophobic solutes [28] [29] [30] [31] [32] [36] [37] [38] [39] [40] [41] [42] [43] , and have lately been playing an important role in the understanding of the fundamental chemistry of ILs and of their mixtures with water, enzymes and hydrocarbons 27, 44, 45 . We have previously applied with success MD calculations to characterize the interactions established in aqueous saline solutions of amino acids It is worth to notice that the choice of the force field to be employed in MD simulations is a crucial aspect since it often has repercussions on the accuracy of the results obtained [47] [48] [49] [50] [51] [52] . For ILs in particular, the formulation of force fields capable of representing their energetics and structure has been a non-trivial and challenging subject mainly due, on the one hand, to the fact that these solvents are neither simple molecular fluids nor common (high-molten) salts but exhibit complex interactions between their constituting ions, and, on the other hand, to the paucity of experimental data published for the almost infinite number of possible ILs [50] [51] [52] . Despite such problems, significant progress has been made in the application of MD methods to IL systems, and force field parameters have already been developed and validated for a large number of cations and anions [50] [51] [52] , yielding reliable results. -3 in the presence of five amino acids in their zwitterionic forms (pH=3 for Glu and pH=7 for the rest of the amino acids considered). The simulations were carried out using the isothermal-isobaric NpT (T = 298.15 K and p = 1 bar) ensemble and the GROMACS 4.07 molecular dynamics package 57 . The equations of motion were integrated with the Verlet-Leapfrog algorithm 58 and a time step of 2 fs. The Nosé-Hoover thermostat 59, 60 was used to fix the temperature while the Parrinello-Rahman barostat 61 was employed to fix the pressure. Starting configurations were generated in cubic boxes with lateral dimensions of 45 Å, and periodic boundary conditions were applied in three dimensions. The systems were prepared by randomly placing all species in the simulation box. Four
[C4mim][NTf 2 ] ion pairs and 900 water molecules were incorporated in each box. Nine aminoacid molecules were also included to obtain a concentration of about 0.55 M. A 10 000 step energy minimization was performed followed by two simulations, the first one with 50 000 steps for equilibration and the final one with 5 000 000 steps (10 ns) for production. After equilibration, the values of the box volume ranged between 29.3 and 30.2 nm 3 , depending on the amino acid considered. Equilibration was checked by ensuring that all observables (including the RDFs) fluctuated around their equilibrium values during the production state.
The intermolecular interaction energy between pairs of neighboring atoms was calculated using the Lennard-Jones potential to describe dispersion/repulsion forces and the point-charge
Coulomb potential was used for electrostatic interactions. Long-range electrostatic interactions were accounted for using the particle-mesh Ewald method 62 , with a cutoff of 1.0 nm for the realspace part of the interactions. A cutoff radius of 1.2 nm was used for the Lennard-Jones potential, and long-range dispersion corrections were added to both energy and pressure. All bond lengths were held rigid using the LINCS constraint algorithm 63 , while angle bending was modeled by a harmonic potential and dihedral torsion was described (where appropriate) by a Ryckaert-Bellemans function. Potentials available in the literature were taken for all the species considered in the simulations. Water was described by the rigid SPC/E model 64 , while the OPLS all-atom potential was used for the amino acids . The total charges on the cation and anion are +0.797 a.u. and -0.797 a.u., respectively. The estimation of partial charges for an IL from calculations of an ion pair in vacuum can be a problematic treatment and this issue has been addressed and discussed in other works 55, 68 . Nevertheless, it has been demonstrated that models with total charges on each ion in the range ±0.7 to 0.8 yield a better description of both structural and (most noticeably) dynamic properties of ionic liquids [68] [69] [70] . Furthermore, we have also performed calculations considering a pair of ions surrounded by other IL ions and no significant differences were found in the results obtained. The full set of atomic charges is supplied as Supporting Information (Table S1 ).
Coordination numbers (CN) were calculated for the interactions between selected atoms.
For that purpose, the function N(r) was obtained by integrating the corresponding RDFs (g(r)): (1) where ρ B is the number density of each atom in the bulk.
Results and Discussion
In recent investigations carried out by us 26 , it was observed that the interactions between amino acids and an imidazolium-based IL in aqueous solution are essentially dependent on the nature and properties of the amino acid side chain, namely its size, polarity and charge, and can be understood in terms of a delicate balance between direct or indirect (water-mediated) interactions established between the amino acids and the ionic liquid. In this work, MD calculations are used to study the molecular interactions that occur in IL+amino acids+water ternary systems and their dependence on the hydrophobicity of the biomolecules, in order to obtain further insight into the molecular mechanism controlling the solubility behavior of these mixtures.
The experimental data available 71 of the amino acids' side chains, which will be used to rank their hydrophobic/hydrophilic character. has slightly more pronounced peaks for the first and second solvation shells and, consequently, is the most hydrated of the amino acids studied. This observation is confirmed by the analysis of the coordination numbers (CN) of the water hydrogen and oxygen atoms around the charged groups of the amino acids, presented in Table 2 , which are larger for Gly than for the other aminoacids. As shown by the solubility values summarized in Table 1 , the water affinity of the amino acids decreases in the order Gly > Ala > Val > Ile, reflecting an increasing hydrophobicity as their side chains become longer.
As shown in Figure 4 , no significant differences are observed as well in the water distribution around the terminal carbon atoms of the cation and anion of the IL due to the presence of the amino acids. Only a small, yet noticeable, decrease in the intensity of the RDF peak on going from Gly and Ala to Val, Ile and Glu is observed around the Ct b and C atoms of the IL cation and anion. The same trend is observed for the water distribution around other moieties of the IL ( Figure S1 , cf Supp. Inf.). This molecular information is quantitatively corroborated by the values of the CN calculated for the interactions of the terminal carbon atoms of the IL cation and the C atom of the anion with water (Table 2 ) which are higher for Gly and Ala than for Val and Ile. The evidence obtained for the interaction patterns of the IL ions and of the amino acids with water does not actually show significant differences in the hydration of the species among the different systems studied. However, in the presence of hydrophobic biomolecules, the IL is less available to interact with water molecules because it is being cosolvated by the amino acid. In other words, because hydrophobic amino acids are able to bind to the IL cation and anion (since that association is more favorable than that with water molecules), some water molecules are excluded from the vicinity of the IL, resulting in a weaker hydration.
On the contrary, hydrophilic biomolecules, which are not capable to interact with the IL, will leave the latest more available to be solvated by water and will have themselves a stronger hydration. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 mediating species. On the other hand, the intense peak observed in the second hydration shell in the presence of Ile, the most hydrophobic biomolecule studied, suggests that in this particular case the interaction between the terminal carbon atoms of the cation can be mediated by the amino acid, probably due to its binding to the IL cation alkyl chain. This is not observed for the other amino acids since Ile is the only amino acid whose alkyl chain is long enough to allow for such a pronounced interaction with the hydrophobic moieties of the IL cation. These conclusions are supported by the CN (Table 2 ) determined for the Ct b (cation) Ct b (cation) interaction which are slightly larger for Val than for Gly and Ala and present the smallest value in the case of Ile. These results picture a system where there is no withdrawal of the water molecules by the most hydrophilic compound but instead the water solvation of the hydrophobic moieties is only affected by the presence of the more hydrophobic compounds that will act as cosolvents, as observed before [24] [25] [26] 28 . This is in stark contradiction with the conventional models 72, 73 which would explain the observed amino acid effects as resulting from a modification of the water structure around the solute, but is consistent with the most recent theories which underline the central role of ionic polarizabilities and of ion size in the interpretation of Hofmeister effects 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 liquid. As shown in Figure 6 the IL anion exhibits an appreciable affinity for the non polar groups of the amino acid, as suggested by the intense peaks of the RDFs of the F atoms of the anion around the CG and CB moieties of Val, but is weakly associated to its charged parts. The exception is the particularly strong interaction established between the amino group of the biomolecule and the negatively charged oxygen of the anion, as indicated by the peaks corresponding to N(Val) O(anion) and H(Val) O(anion), which are quite intense and occur at short distances (the short distance of the latter peak identifies a direct amine-anion interaction, without intervening water molecules). The interactions of the IL anion with the other selected moieties of Val, are much weaker and occur at larger distances.
As far as the IL cation is concerned, the RDFs displayed in Table   2 for the interactions of the amino acids with the F and O atoms of the anion, which are smaller for Ile than for Val. The cation also does not seem to establish any interactions with the charged or polar parts of the amino acids, as shown in Figure 11(b) . These results are consistent with the SDFs calculated for Ile that are shown in Figure S6 (cf. Supp. Inf.).
When analyzing the more hydrophilic amino acids Gly and Ala, the peaks corresponding to the interactions between the terminal carbon atoms of the IL cation and the biomolecules become much reduced. Actually, the RDFs of Gly and Ala depicted in Figure 11 On the other hand, the strength of the interactions between the terminal carbon atoms (Figure 2) of the biomolecules and the IL anion decreases in the order Val > Ile > Ala > Gly (Figure 11(c) ), almost following the decrease of their hydrophobic character (Table 1) . It is also worth noticing that while the interaction of Ile with the IL anion is mainly established at the level of the apolar moieties of both species, the interaction of Gly with the IL anion has, comparatively, a more electrostatic character, occurring between their charged groups (Figures 11(c Other Structural Effects. To further evaluate the influence of the structure of the amino acids on their interaction with ILs in aqueous solution, another structural aspect, the presence of a polar terminal group on the amino acid side chain, was considered. The characteristic RDFs calculated from the MD simulations of Glu that are also displayed in Figure 11 show the existence of a strong association of both the IL cation and anion with the amino acid's hydrophobic regions (Figures 11(a) and 11(c), respectively) , a weak binding of the IL cation to the charged COO -group (Figure 11(b) ), and a relatively strong N(Glu) O(anion) interaction (Figure 11(d) ). On the other hand, Glu's charged groups are strongly hydrated, as indicated by the intense peaks of the RDFs shown in Figure 3 and by the CN calculated for the interactions with water molecules (Table 2) . Perhaps more importantly, the presence of a carboxyl group at the end of the alkyl chain of Glu introduces new interactions relative to the other, simpler, amino acids. The RDFs corresponding to these new interactions are depicted in Figures 12 and 13 . The RDFs involving the F and O atoms of the anion (Figure 12(a) ) indicate a large presence of the IL anion around the COOH group of Glu which, together with the strong interactions with CG (Figure 11(c) ), imply very strong interactions between the IL anion and the uncharged chain of the amino acid. Similarly, the clear and intense peaks of the RDFs depicted in Figure 12(b) suggest a strong association of the COOH group of Glu with both polar and non polar moieties of the IL cation. Quantitative evidence for this qualitative insight provided by the RDFs can be obtained from the analysis of the CN calculated for the interactions of the atoms of the carboxyl group of Glu with the IL cation and anion presented in Table 3 , and further support is obtained from the results depicted in Figure S6 (cf., Supp. Inf.) with the SDFs calculated for various groups around Glu.
In face of the RDFs of Figures 11 and 12 , and of the arguments presented above to explain the solubility effects of the other amino acids, Glu would be expected to behave as a salting-in inducing ion, because of its clear binding to the IL. That is not the case, however. In fact, despite possessing two methylene groups in its side chain, Glu also comprises a polar functional group (COOH), which confers polar character and hydrophilicity to the amino acid side chain, allowing it to be highly solvated by water molecules. Actually, the RDFs represented in Figure 13 show that the ordering of the water oxygen atom around the HE 2 atom of Glu and of the hydrogen atom of water around the O atoms of Glu are strong and occur for very close distances, which is further confirmed by the values of the CN determined for the water molecules around the atoms of the COOH group of Glu (Table 3) . Moreover, as observed in Figure 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 chain, and the predominance of either (amino acid-IL) interactions (hydrophobic amino acids) or (amino acid-water) interactions (hydrophilic amino acids) or even a balance between multiple viable associations, as supported by the MD results obtained in this work for Glu.
Effect of the IL anion.
An open question, unanswered in previous works addressing the molecular mechanism behind the solubility effect of ions and amino acids in aqueous IL solutions, is the role of the IL anion and the interactions that take place therewith 25, 26 . As the results obtained in the current work show, there are actually interactions not only with the IL cation but also with the anion. The anion, unlike the cation, establishes interactions with all the amino acids studied here. In general, the main characteristics of the IL anion-amino acid interactions, derived from the analysis of the corresponding RDFs, are: (i) a preferential binding of the IL anion to the non polar moieties of the hydrophobic amino acids (e.g. Val and Ile) and to the charged groups of the most hydrophilic biomolecules (e.g. Gly and Ala); (ii) a significant association of the anion to both the charged and non polar parts of amino acids with an intermediate hydrophobic character (e.g. Glu). Our results suggest that, along with the cation, the anion of the IL also plays an important role in the mechanism by which the amino acids influence the IL solubility, and, together, they will determine the direction and magnitude of the observed solubility phenomena. These arguments are consistent with the trend observed for amino acid effects on aqueous solutions of imidazolium-based ILs -Ile>Val>Ala>Gly, from salting-in to salting-out 26 . In fact, while Gly, the simplest amino acid, with no side chain, a highly hydrophilic character and no affinity to the apolar parts of the IL cation and anion, induces the most significant salting-out influence as a result of a preferential hydration, the polar but less hydrophilic Ala is, to some extent, able to establish interactions with the apolar groups of the IL anion and produces a less pronounced decrease of the IL solubility. On the other hand, Ile, with a long apolar chain, has a strong association with the hydrophobic moieties of the IL cation and anion, and therefore promotes a pronounced salting-in effect as a consequence of those direct IL-amino acid side chain interactions. Val, in turn, exhibits also a significant binding to both the anion and cation of the IL, and the balance between these interactions is responsible for a less remarkable salting-in influence. It seems therefore that it is the competition and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The data gathered allows for a molecular interpretation of the experimentally observed behavior of aqueous solutions of ILs with amino acids and provides evidence against classical interpretations which would relate the solubility effects to changes in water structure. Instead, a refined version of a mechanism earlier proposed is suggested. Our results support a mechanism of salting-in based on the direct binding of the non-polar moieties of hydrophobic amino acids to the hydrophobic groups of the IL cation and anion, a salting-out influence governed by a preferential hydration of hydrophilic amino acids, and the existence of a competition between multiple viable interactions (strictly dependent on the structure of the amino acid), whose balance dictates the direction and magnitude of the solubility phenomena.
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 Table  S8 of the Supporting Information. b C terminal =CA for Gly; =CB for Ala; =CG for Val; =CG2 and =CD for Ile; =CG and =CD for Glu.
c Not possible to identify the first peak.
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